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Andrew G. Ewing 1, 3 Biological membrane fusion is crucial to numerous cellular events, including sexual reproduction and exocytosis. Here, mass spectrometry images demonstrate that the low-curvature lipid phosphatidylcholine is diminished in the membrane regions between fusing Tetrahymena, where a multitude of highly curved fusion pores exist. Additionally, mass spectra and principal component analysis indicate that the fusion region contains elevated amounts of 2-aminoethylphosphonolipid, a high-curvature lipid. This evidence suggests that biological fusion involves and might in fact be driven by a heterogeneous redistribution of lipids at the fusion site.
During membrane fusion, two adjacent lipid bilayers merge and a channel (a fusion pore) forms, which joins the aqueous volumes initially enclosed within the membranes. The protozoan Tetrahymena thermophila (Fig.  1A ) is an attractive cell system for membrane fusion studies because it is possible to induce the simultaneous formation of hundreds of fusion pores within a well-defined membrane region of about 8 m (1, 2). During mating, or conjugation (Fig. 1B) , the membranes of two complementary Tetrahymena join at the anterior end and 100-to 200-nm-sized fusion pores form (Fig. 1C) to allow the migration of micronuclei between the cells. Conjugation depends on de novo lipid synthesis (3), and Tetrahymena can readily modify the lipid composition of the cell membrane via intracellular lipid exchange (4). Thus, it seems likely that certain types of lipid are required to allow the mass formation of fusion pores, and that these biophysically relevant lipids may be synthesized or redirected to the fusion site, called the conjugation junction. Additionally, in preparation for conjugation, these cells actively modify their pattern of protein synthesis, and the anterior ends of the cells transform from pointed to blunt in shape and from ciliated and ridged to smooth in texture (2) . The dependence of conjugation on lipid synthesis, the membrane morphological changes, and the excess of fusion pores might suggest that there are substantial spatial alterations in the chemistry of the membrane bilayer in the conjugation junction.
The cellular machinery and thermodynamic driving forces behind biological fusion are a bit of an enigma, although it is widely believed that the machinery involves an intricate cooperation between membrane proteins, the cytoskeletal framework, and lipids (5, 6) . The interaction of complementary membrane proteins might dictate the location of fusion and regulate the fusion events (5), and the cell cytoskeleton might play a role by confining fusogenic proteins to domains where fusion occurs in the membrane (6) . The existence of biophysically functional lipid domains, or rafts, which are membrane regions concentrated in a particular type of lipid, is well documented (7) (8) (9) (10) . Lipid movement through the membrane can be restricted and create a heterogeneous distribution of lipids. These structures appear to involve longer-term or semipermanent formations and may drive biological fusion. During fusion, the lipid bilayer undergoes considerable changes in shape and most likely adopts several intermediate structures with a high radius of curvature (5) . One such proposed intermediate structure, the stalk intermediate, has been experimentally observed by x-ray diffraction (11) (Fig. 1D) . Thus, if present, lipid domains involved in membrane fusion would form temporarily during the fusion process and would require a driving force and cell-to-cell signaling of some kind. According to the intrinsic curvature hypothesis, cone-shaped nonlamellar lipids, such as phosphatidylethanolamine (PE), are particularly adept at forming highly contoured structures, such as the stalk intermediate, because they contain hydrophilic headgroups and acyl chain tailgroups of greatly different cross-sectional areas (Fig. 1D) (11) (12) (13) . This hypothesis suggests that highly fusogenic membrane regions may adjust to contain small amounts of lamellar lipids, including phosphatidylcholine (PC), in comparison to the rest of the cell membrane; and fusion events may preferentially occur at these depleted sites. In Tetrahymena, the formation of the plethora of highly curved fusion pores would require that the entire length of the conjugation junction be concentrated in nonlamellar lipids.
Imaging time-of-flight secondary-ion mass spectrometry (TOF-SIMS) after freeze-fracture was used to examine the lipid distribution along the conjugation junction of mating Tetrahymena. TOF-SIMS has been applied to elemental imaging of the distribution of cancer therapy drugs in single cells (14) as well as molecular imaging of tissue (15) , liposomes (16, 17) , paramecia (18) , and rat pheochromocytoma (PC12) cells (19, 20) , but has not yet been demonstrated for subcellular membranes. We incubated conjugating Tetrahymena for 4 hours and then placed a small aliquot of the cell-containing solution between two pieces of silicon for cryogenic freezing. The frozen sample was then freeze-fractured under ultrahigh vacuum (16, 21, 22) and directly transferred into the analysis chamber. After TOF-SIMS imaging, the samples were further analyzed by scanning ion microscopy and brightfield microscopy to ensure that no substantial sample damage occurred during sample preparation and SIMS analysis. In situ scanning ion micrographs provided morphological images of the cell samples and showed no evidence of physical damage to the mating Tetrahymena (Fig. 1E) . A brightfield image verified this conclusion (Fig. 1F) .
In SIMS studies of cells, a mass-to-charge ratio (m/z) of 69 corresponds to C 5 H 9 ϩ , which is most likely an acyl chain fragment from a phospholipid. Because all of the membrane phospholipids contain this species, the distribution of C 5 H 9 ϩ in SIMS images is representative of the total phospholipid distribution. A molecule-specific image of m/z 69 for mating Tetrahymena shows that the phospholipids are homogeneous across the joined cells (Fig. 1G) . The uniformity of the entire phospholipid signal over the fusing region of the cells is expected, because the current spatial resolution for this technique is above the size of a fusion pore. Additionally, the homogeneous distribution of m/z 69 indicates that sample topology is not influencing the SIMS images. Any signal variations of other m/z values should be representative of the chemistry of the cell membrane.
The SIMS fragmentation behavior of PC has been well characterized, and through tandem mass spectrometry, m/z 184 has been attributed to the phosphocholine headgroup (15, 23) . A substantial decrease in the m/z 184 signal seen at the junction region (Fig.  1H) shows that the phospholipid structure varies considerably in the mating junction because of the abundance of highly curved membrane structures in that region.
Line scans were taken through the molecule-specific images to quantitatively compare the distribution of m/z 184 and m/z 69 across the conjugation junction (Fig. 2) . Although there were slight fluctuations that are expected with molecular measurements on the micrometer scale, the m/z 69 signal was constant across the junction ( Fig. 2A) , whereas the m/z 184 signal clearly dropped at the junction region (Fig. 2B) . This heterogeneity was reproduced for the majority Table 1 . Summary of PC signal intensities (m/z 184) across mating Tetrahymena. The average PC signal intensity was calculated for three regions across mating Tetrahymena membranes: the first cell body (cell body I), the conjugation junction, and the second cell body (cell body II). First, m/z 184 line scans were taken for each of the mating cells, as described in Fig. 2 . The line scans were further treated with 15.5% Savitzky-Golay smoothing and then fitted with a chromatography/HVL PeakFit function, resulting in R 2 Ն 0.98. The signal intensities in the line scan were averaged for each of the three regions indicated in the corresponding columns of Table 1 . The regions were selected based on a change of slope in the line scan. All errors are standard deviations. The average signal decrease between the two cell bodies and the conjugation junction was then determined. For the first cell body, the difference between the cell body I intensity and the junction intensity was divided by the cell body I intensity. This was repeated for the second cell, and the two percentages were averaged. The PC signal change for each of cell bodies I and II versus the conjugation junction was used to determine that P Ͻ 0.001 (t test). One sample yielded too low a signal to provide conclusive data because of sample charging, and a second sample had extremely high signal variability. Those samples were not used here.
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Cell of mating Tetrahymena examined (Table  1) , with an average decrease in signal of 67 Ϯ 8%. The hydrocarbon signal remained relatively constant across all mating cells, with a slight average increase in signal of 7 Ϯ 11% (24 ) . Principal component analysis verified that PC was decreased in the junction relative to the cell body and also identified a peak at m/z 126 that increased in the junction (Fig. 3A ) (25 ) . Compared to the cell body, the membrane junction region of mating Tetrahymena is composed of significantly less PC. It is likely that the decreased amount of PC in this junction region correlates with an elevated concentration of 2-aminoethylphosphonolipid (2-AEP), the phosphonolipid analog of PE. Like PE, 2-AEP is a cone-shaped nonlamellar lipid and should form highly curved membrane fusion structures. 2-AEP makes up about 34% of the Tetrahymena whole-cell membrane phosphorus lipid content, whereas PC represents 26% of the phosphorus lipids (26) . 2-AEP represents a class of lipids that contain a variety of fatty acid tailgroups that cannot be detected via the molecular ion with TOF-SIMS. Instead, 2-AEP can be identified with the headgroup fragment ion of m/z 126 (Fig. 3B) , similar to the way in which PC is detected with the m/z 184 headgroup ion.
The molecule-specific image of m/z 126 for the mating Tetrahymena appears to be homogeneous across the cells, probably because the entire surface of the Tetrahymena membrane is concentrated in this lipid (Fig.  3C) . However, a comparison of the mass spectrum from the pixels of the cell body region with that from the conjugation junction suggests an increase in 2-AEP at the conjugation junction (Fig. 3, D and E) . The normalized intensity of m/z 126 and m/z 184 can be directly compared between the two spectra, and not only did the intensity ratio between the two peaks change, but the relative amount of m/z 126 increased in the junction region as m/z 184 decreased. Principal component analysis showed a clear correlation of m/z 126 with the conjugation junction, in comparison to the cell body (Fig. 3A) . We note that mammalian cells are not known to contain any substantial amount of 2-AEP (27) . Frozen-hydrated rat pheochromocytoma cells and beige mouse mast cells do not localize m/z 126 to the cell structure; thus, its localized increase in the Tetrahymena junction is clearly significant. Tetrahymena can either reorganize or manufacture the necessary lipids and adjust its membrane structure for pore formation during the time necessary for full conjugation. The extent to which lipids in the membrane are involved in these changes and the exact cellular machinery that drives these alterations are unknown, although the changes probably occur during the required period of cell-cell contact before membrane fusion. It is likely that these interactions initiate a biological response that prepares the cells for conjugation by directing a higher concentration of high-curvature lipids, which are adept at fusion pore formation, to the membrane fusion sites. 
